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ABSTRACT

The mechanism of cryptost oady-flow .ncr-y separation is

described and analyzed ih. its most general form, with full con-

,Ideration of the effects of bee-ring friction or other rotor

torque, and of such asymmetries as unequal dischar'ge pressures,

peripheral velocities, flow losses, prorotation velocities, and

discharge angles.

Equations are also developed for the proportioning of rotor

nozzlis in accordance with performance specifications,
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NOMENCLATURE

c = fluid particle velocity in F

Fs= frame of reference in which the flow is steady

frame of reference in which the energy separation is
utilized

h - specific static enthalpy

h0  specific stagnation enthalpy in F
h• w specific stagnation enthalpy in Fu

h*= specific stagnation enthalpy in FS

L = externally-applied rotor torque (positive if driving
torque)

m , mass flow rate

M - angular momentum (per unit mass) of input flow

p = static pressure

pO = stagnation pressure in Fu

r = distance from rotor axis

u - fluid particle velocity in F_,
I:

"I'= "prerotation" velocity (defined as M/rd)4-I
V = velocity of Fs relative to Fu
V =(o

"= ratio of total nozzle exit area on b side to total
nozzle exit area on a side

1 = inclination of nozzle axis to normal- to in external-
separation devices (see Fig. 2)

y ratio of specific heats

8 : cos 0 (negative on a side)

I = (h* - hd)/(h* - ho) (nozzle efficiLency)'

0 = angle (Vc)

"TNote that this definition differs from those used in previous

papers on this subject.



- •a(h? - h0)/niV• (cooling capacity coefficient)

=p*/Pi

S= mb/na (mass flow ratio)

v = k/afii (cold fraction)

p = density

4 - angular velocity of the rotor

Subscripts

a =flow discharged with 6 < 0

b flow discharged with 6 2. 0

d = rotor nozzle discharge

e rotor nozzle entrance

i = energy separator input flow

o = conditions resulting from isentropic discharge from
0 to For example,

y-1
2 21!

- 2hI [1- o--

Ioa a (Pda/Pi)

Superscripts

0 = stagnation quantities in F

* = stagnation quantities in Fs

Assumptions

(1) The fluid, when compressible, is assumed to be a calorically
perfect gas.

(2) In external-separation configurations, the radial distance
between rotor and stator is small compared to the rotor rac:

(3) Heat exchanges with the surroundings, in the energy separator,
are negligible.

(4) Prerotation velocities are everywhere parallel to



INTRODUCTION

Cryptosteady energy separation is a process whereby the

total head or total specific enthalpy of a portion of a flow is

increased at the expense of the corresponding quantities in the

remainder of the same flow, through direct and essentially non-

dissipative exchanges of energy.

It is known that reversible transfers of mechanical energy

in flow systems are possible only where the interacting flows

are nonsteady 11]I. Indeed, in the only known steady-flow

mechanism of redistribution of energy within an initially homo-

geneous flow--that of the Ranque-llilsch tube [2,3]--the transfcr

of energy is effected, rather inefficiently, through the action

of viscous stresses. On the other hand, considerably better

performance has been shown to be possible when the energy trans-

fer is effected by "pressure exchange, " i.e., through the work

of interface pressure forces; and pressure exchange is always

a nonsteady process, because no work is done by pressure forces

acting on a stationary interface.

In an effort to improve energy separator performance through

the utilization of pressure exchange, so-no attention has been

given during the last decade to devices called "dividers," which

"operate on the basis of wave processes [4,5]. There is reason

to believe, however, that the development of practical and ef-

ficient dividers wouid be very difficult, because of the sensi-

tivity of these devices to such factors as imperfect timing of

moving mechanical parts to wave and flow processes, diffusion of

Numbers in brackets designate References at end of paper.
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interfaces, noninstantaneous opening and closing of valves, dis-

tortion of shock fronts, etc., not to mention the usual analytical

complexities of nonsteady-flow processes.

This paper deals with a nonsteady-flow method of energy

separation in which the difficulties just mentioned are overcome

through the utilization of "cryptosteady" pressure exchange--a

cryptosteady process being defined as one that is nonsteady but

admits a frame of reference in which it is steady. The special

merit of cryptosteady processes is that they can be generated,

controlled, and analyzed as steady-flow processes in this unique

frame of reference, while retaining all the potential advantages

of nonsteady flows in the frame of reference in which they are

utilized.

A simple interaction of this type is shown J:. Fig. 1. Here

tw .o.. flows deflectL e-Ach other to a common orientation in a framei

of reference Fs in which they are both steady. Apart from trans-

port processes, no energy is exchanged between the two flows in

this frame of reference. A transfer of energy does, however,

take place--by pressure exchange--in the frame of reference F of

an observer 0 moving at an arbitrary velocity V relative to Fs-

The energy so transferred is equal to the work done by the pres-

sure forces which the interacting flows exert on one another at

their interface. This work is zero in r., where the interface

is stationary, but not in F, where the interface moves. Since

changes of the frame of :b-orvation are reversible, these energy

nxchangeq are essentially nondissipative. Note that, because
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of the existence of a frameo of observation in which the flow is

steady (frame F S), the flow in F is cryptosteady. Analyses of

cryptosteady interactions and discussions of some of their appli-

cations have been presonted in previous papers [6,7,8,9,10).

The operation of the cryptosteady energy separator may be

explained in a similar manner fill, through consideration of a

simple two-dimensional situation, such as that shown in Fig. 2.

Hero a plane and initially homogeneous stream i is seen issuing

from a nozzle as a jet and impinging on a wall W. The flow field

is stationary in a frame of reference F., which is the coordinate

system fixed to the nozzle. Body forces are assumod to be absent,

and viscous stresses and heat exc.hanges with the surroundings are

assumed to be negligible.

The impingement causes the jet to divide into two separate

streams a and b. interfacig L et the Stgtio
same o.the tnsidesotheertioao the msflwrest inatio

stream snrface s. For example, iZ the discharge pressure is the

samne on the two sides, the ratio of the mas,: flow rates in the

two streams is v = (1- sin 0)/(1+ sin 0).

"The specific stagnation enthalpy (oic the total head, if the

fluid is incompressi.ble) is, i. frame Ps, the same in the deflected

flows as in the original stream. This, however, is not true in any

other frame of reference. In particular, letting c and t denote
fluid particle velocities relative to Fs and to the frame of

reference Fu of an observer moving relative to Fs at an arbitrary

velocity V relative to tho wall, r..spectively, one has u = o + V,

hence
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b Ua2)• (b2 a2 (b' a)• .

' = t' C. -
So long as V • 0, the term (cb - Ca)'V never vanishes,

becausc cb ('nrl ca have different orientaLions. Therefore,

1 2 1 2 -c 2 ) and since the thermodynamic states
Iz bu - a~ r i~b a

are invariant with respect to changjs of the frame of ref-

erence, there follows

hO- hO yd h* - h*
"b b a

Thus, if h* = h*, hO ' hO. Since the original stream i is

seen as a homogeneous stro, am in every coordinate system, it must

be concluded that energy is transferred, in F u, from one portion

to the other of this stream, as these two portions are deflected

to different orientations. This fact can also be explained on

the bAsis of the observation that in frame F the interface s
U

is movinq and the interface pressure forces are therefore doincg

work. The energy that is tr.ansferred from a to b is, of course,

the work done by a on b in this pressure exchange interaction.

As pointed out in references £111 and [121, a situation

approximatini that of Fig. 2 may be obtained, with a stream of

finite tranaverse dimensions, through lateral confinement of

the deflection reglon by nmeans of end plates or vanes. These

vanes must be shaped to lead the deflected flows into separate

spaces. AS a consequent--, the flow can be strictly cryptostuady

only if the confining vanes are stationary in Fs.
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The motion of FV relativo to Fu is most simply maintained

by the reaction of the issuing jet J self. In the situation of

Fig. 2, the source may be a nozzle which is constrained to movo

in a dir-ction parallci to the wall W. A more practical Orrailge-

ment is that of Fig. 3, where jets issuing from s1anted nozzlos

or slots on the surface of a free-spinning rotor impinge on the

internal surface of an enshrouiling wall. This arrangement ap-

pr.oximatas that of Fig. 2, so long as the radial depth of the

annular impingement-drflection space is small compared to its

mean radius.

In contrast to the "external separation" configuration of

Fig. 3 (where the separation of the two flows takes Flace out-

side the rotor), Fig. 4 shows an "internal separation" arrange-

ment. Here the separation of the two flows takes place inside

the rotor. The two flows are -'ischarged through separate nozzl,•,

of which only two are shown. A schema tic view of anothe'r intcr ial-

separation arrangement, defining some of the nomenclature ,ised

in this paper, is shown in Fig. 5. In either case, say for

simplicity that bearing friction is negligible, the discharge

pressure is uniform, the nozzle inclinations to the rotor surfac.

are equal and opposite, and the internal flow losses are the same

for both flows. Then, if the nozzle areas are unequal, the rotor

will rotate at the angular velocity which is required for the

conservation of the total angular momentum of the flow in the

laboratory frame of reference (frame Fu), thus producing the

required motion of Fs relative to Fu.



Several variation- of those arran rlem'nts are describe'd in

reference (121.

CryptoStC1.,j uli'" y smar1"' ion w as first propnsed and analyz.

in referenco Il]., ;.hich dlro contains an accounL of so.;-, of Lho

experiments in vhich the v-Aidi.ty of the concept was first tcsted

and confirmed.

The analysi.s of reference [11) accounts for no:-t of th.,

pertinent parameters, including rotor torque and flow losses,

but covers only situations in which the peripheral ve -ity, the

discharge pressure, and the entropy rise are the same on the b

as on the a side, tho inclinations of the discharge velocities on

the two sides are equal and opposite, and prerotation of the input

flow is absent. The effects of departures from such symmetries

have received relatively little attention until recently, except

for a tLudyy -y r .... i n t-ih orfoct of prerc"t tion and for

a series of performance analyses of internal-separation devices, ii)

which the effects of prerotation (assumed to be uniform hi'iough-

out the input flow) and of differences of no-7lk inclination,

• ' peripheral velocity, and discharge pressure on the two sides

have been individually examined by this writer.

A more comprehensive study of the ZubjecL has recently been

completed by Graham 1141, as part of a comparative analysis of

the three classes of enerqy separation techniqucs--steady, non- -'

steady, and cryptosteady. In dealing with the latter technique,

the Gral,ani paper analyzes in detail the effect of unequal pres-

sures on the behavior of the emerging jet in external--z.-aratj,-n
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devices and also examines two output flow collection effects

which are critical with these devices. Viscous reattachipent of

the deflected jets to the collector walls is found to be poten-

tially beneficial, whereas flow pulsations--i.e., departures

from cryptosteadiness--in the collection process, resulting

fron, the use of confining vanes stationary in Fu, are found to

.be detrimental. The latter determination is of particular

importance, in that it provides, for the first time, a firm

rationale for focussing attention on those devices of this class

in which the flow is truly cryptosteady.

For such devices, whether they be of the internal- or of

the external-separation variety, the Graham analysis develops

"core performance" equations in which the most in.'-ortant design

and operational parameters appear simultaneously, with full

account of their nonlinear interactions. Ilowever, these equa,•,

tions require iterative solution in most cases, and their use

is again limited in practice, because of their great complexity,

to the individual evaluation of the separate effects o. pre-

rotation (again assumed to be uniform), rotor torque, and unequal

.back pressures, nozzle efficiencies, and exit flow orientations.

The present analysis approaches the same problem, for strictly

cryptosteady situations, by a different route, which leads to

simple, closed-form solutions in all cases. The analysis accounts

for all design and operational parameters so far identified, as

well as for their conceivable asymmetries (including unequal pre-

rotations) and nonlinear interactions. Equations are also

7



developed for the design of cryptosteady-flow energy separators

in accordance with any given set of feasible performance speci.-

fications.

GENERALIZED PERFORMANCE ANALYSIS

The following equations apply to both flows a and b:

o 1 (Mr 2 1 (

ee e

1h + h- V- MW1 2 e

h h0  . (VI V2)

-- + d - u,V (1)
2 d di

an d

c•= 2 (hd1 h,1)c 2i

-2r(1id -h•. + U•1) (2)d 2

With

U= 2hi [1- (3)

Equation (3) is plotted, for y 1.40, in Figure 6.

From Equations (1) and (2) there follows

ri : n(V 2 _ 2u'V + u2 ) (4)
d 0

Equation (4) is plotted in Figure 7.

Also,

Ud2 C2 + V2 + 2 cdVS S
d d d



and, by definition,

h * 1 h- CI2 ) (6)hd hd-- d

Equations (1), (4), (5), and (6) yield
ho-h• U 2 It 1/2 u'

hU - -Im =i1 + (V( ) + 2 -- (7)

2d ( , dVd

The use of V as an independent variable is analytically

convenient (as shown by the development above) and is justified

by the special constraints to which the selection of this

parameter is subjecc.d in practice (constraints of rotor size

and structural strength, of bearing characteristics, etc.).

Equiation (7) applies independently to each cf the two out-

puts. It covers, therefor .ich asymmetries as unequal periph-

eral velocities, discharge ssures, flow losses, ferotation

velocities, and dischb ang es. Rotor torque is implicitly

accounted for through " s flow ratio, as will be seen below,

The mass fl, related to the specific enthalpy

increments through the energy equation

maha + h + Lw

whence

o Lw

0

h•hi "* "
h 0 -h - L(8)

b i



The "cold f-acticn" is

I1 (9),

and the "cooling capacity coefficient" is, by definition,

K N (h-h)/V (10)
i a a

Equation (7) is plotted, for y = 1.40, and for four

different values of [6/*j, in Figs. 8(a) through 8(d). In

each chart, the lower portion (for 6/i < 0) provides the solutioii

for the a side, and the upper portion for the b side. The nota-

tion u'/V on the abscissa scale stands for Ua/Vda or u;/rdb, i

depending on whether this scale is used in conjunction withl

the a or b portion of the chart. If a 6 b-nb, the two
a a 6b /bh w

stagnation enthalpy increments must be obtai:eds, sp-a•rte y, each -

from the appropriate chart.

Figure (9) is a convenient chart for the comparative eval-

uation of solutions from the standpoint of cooling capacity, for

situations in which rotor torque is negligible and Vda = Vdb.

Figures 6 through 9 can be used, of course, also in the

solution of the reverse problems resulting from interchanges of

dependent and independent variables (e.g., in the determination

of the rotor speed and input and discharge pressures that are

required to produce a specified cooling capacity coefficient).

Furthermore, visual inspection of these charts readily uncovers

a good deal of useful information on the magnitude, sizes, and

relative importance of changes of various parameters in relation

10



to their separate or combined effects on performance. Thus, for

example, the charts confirm the existence of an optimum positive

prerotation on the a side when the pressure ratio on that side

is low; they reveal that opposite prerotations--positive on the

a side and negative on the b side--can be remarkably beneficial

from the standpoint of cooling capacity for any given rotor

speed; and they provide a tool for the quick selection of the

operational parameters that will best combine to produce any

desired result.

The equations developed above apply, of course, to both

internal- and external-separation devices. Thus, once a satis-

factory solution has been identified, the determination of the

combination of operational p)arameters (rotor speed, mass flow

ratio, etc.) that will produce this solution is the same for

both subgroups. The same cannot be said, however, of the manner

in which the selected combination can be implemented. In the

first place, in internal-separation devices the controlling de-

sign parameter is the nozzle area ratio ct, whereas in external

separation devices it is the impingement angle B. In the second

place, the effect of unequal discharge pressures on rotor speed

and mass flow ratio is markedly different in the two subgroups

[14]. Finally, impingement wall boundary layer effects on per-

formance, absent in internal separation, are believed to be

potentially significant in external separation, although veryI

little is yet known about them. The latter point is particularly

important, in that it points to residual uncertainties that still

make the correlation of design to performance a good deal less

11



reliable with external than with internal separation. For this

reason, only the interilal-separation version will be considered

in the following analysis of the controlling parameters.

Two cases will-be discussed:

(a) the case in which the rotor nozzle flows are fully

expanded on both the a and the b side, and

(b) the case in which the rotor nozzles are under-

expanded and both flows are sonic at the nozzle

exits.

Case (a).

If the nozzle [lows .re fully expanded to prescribed pres-

sures pda and Pdb' the velocities Cda and Cdb can be obtained

from Eq. (4) or from Fig. 7.

Prom the equation of state,

Pdb -Pdb hda
Pda Pda J"db

C2
dbCd

_ ~db a"a-2-

"Pda Cdb
hdb 2

and, from the definition of li,

Scdb Pdb (12)Cda Pda

12



Finally, Eqs. (1), (11), and (12) yield

S0 2 2u IV C2a Cda Pda 2h 1  b b b" d (13)

S+ V, 2u1V 2 c(2
Cdb'Pdb 2h a + a Cda

v is calculated from Eq. (8), and it is through this parameter

that rotor torque is accounted for.

Caase (b). ir

Since both flows are sonic, the mass flow ratio is [15)

a (dbh 1/2 (14)
Pda dh-b (4

Now, on each side, p d =p 'i =XP i (hJThus, I

p 1b hdb 2 y-l -1
;C (11-a) a)

Eqs. (1) and (15) yield, for y 1.40,

X 2h! + V2 
- 2u'V 3

a aa ia a a) (16)
b 2h. + V' - 2 uVb

where, as before, IV is obtained from Eq. (8) and accounts for L.

SYMIETRT CAL CASES

For those cases in which b= " b = Xa ( Xb =a)

U Vb= Va= V ub' = 0, and L 0, Eqs. (8)SU~ob =Uoa, b V=Vu=ua ..

through (10) , and (13) or (16), yield

ho .ho 2 (17)

.13



and

(Iý 110 ) 0(1 ho
1 a -b (8

hence

ho ho = I-V,a -~ (39)

ia

(20)

and

K -" ___1(21)

14
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FIGURE CAPTIONS

1 Schematic of cryptosteady interaction

2 Schematic of cryptosteady energy separation

3 External-separation arrangement

4 Internal-separation arrangement

5 Another internal-separation arrangement

7

8(a) Energy separator performnance with j6Ail - 1.0

8(b) Energy separator performance with j6/•I = 0.9

8(c) Energy separator performance with 16 /rj = 0.8

8(d) Energy separator performance with IAif = 0.7
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